As mitochondria play a key role in the commitment to cell death, we have investigated the mitochondrial consequences of resistance to doxorubicin (DOX) in K562 cells. We found that the permeability transition pore (PTP) inhibitor cyclosporine A (CsA) failed to inhibit PTP opening in the resistant clone. Moreover, the Ca 2 þ loading capacity in the resistant clone was identical to that observed in the parent cells in the presence of CsA, suggesting that the PTP was already inhibited in a CsAlike manner in the resistant cells. In agreement with this proposal, the mitochondrial target of CsA cyclophilin D (CyD) decreased by half in the resistant cells. The levels of adenine nucleotide translocator, voltage anion-dependent channel, Bax, Bcl-2, Bcl-x L , AIF and Smac/Diablo, were similar in both cell lines, whereas cytochrome c content was divided by three in the resistant cells. Since P-glycoprotein inhibition did not restore DOX toxicity in the resistant cells, while DOX-induced cell death in the parent cells was prevented by either PTP inhibition or siRNA-induced decrease in cytochrome c content, we conclude that the inhibition of PTP opening and the decrease in cytochrome c content participate in the mechanism that makes K562 cells resistant to DOX.
Introduction
In addition to their known role in energy metabolism, mitochondria are now recognized to play a key role in the commitment to cell death (Desagher and Martinou, 2000; Cory and Adams, 2002; Ravagnan et al., 2002) . Several intermembrane space proteins such as cytochrome c, AIF, endonuclease G, Smac/Diablo and Omi/ HtrA2, which have no proapoptotic activity when they remain inside mitochondria, prompt cell death once released into the cytosol. Evidence suggests that two nonmutually exclusive pathways make the outer mitochondrial membrane permeable to these proapoptotic proteins (Green and Kroemer, 2004) . One relies on outer membrane channel(s) involving Bcl-2 family proteins, while the other is due to the opening of an inner membrane channel: the permeability transition pore (PTP).
The PTP is a multiprotein complex, whose molecular nature remains unelucidated (Green and Kroemer, 2004) . The adenine nucleotide translocator (ANT) regulates PTP opening but is not mandatory for PTP formation since permeability transition persists in ANTdeficient cells (Kokoszka et al., 2004) . The matrix chaperone protein cyclophilin D (CyD) is another nonmandatory component of the PTP. CyD-deficient animals have an inhibited PTP, and are resistant to cell death induced either by ischemia-reperfusion or oxidative stress (Baines et al., 2005; Basso et al., 2005; Nakagawa et al., 2005; Schinzel et al., 2005) . Moreover, several unrelated drugs known to inhibit PTP opening have been shown to potently inhibit cell death in response to many cytotoxic insults (Chauvin et al., 2001) . Finally, pharmacological agents used in anticancer therapy have been reported to target the PTP and to induce cell death via PTP opening (Green and Kroemer, 2004) . Doxorubicin (DOX) is an anthracycline antibiotic used for the treatment of a variety of malignancies. Among the multiple mechanisms leading to resistance to DOX (Nielsen et al., 1996) , the overexpression of P-glycoprotein (P-gp), a protein that pumps out of the cell unrelated agents including DOX, is believed to account for resistance to DOX in several cell lines. It must be noted, however, that P-gp inhibition did not systematically restore DOX cytotoxicity in P-gp overexpressing cells (success (Smyth et al., 1998; Fukushima et al., 2000) ; failure (Campone et al., 2001) ). Moreover, cells overexpressing P-gp have also been reported to resist to non-P-gp substrates such as cytosine arabinoside, staurosporine, UV irradiation, Fas receptor ligation and serum starvation (Smyth et al., 1998; Trindade et al., 1999; Campone et al., 2001) . Taken together, these findings suggest that other mechanisms of resistance may exist in addition to P-gp overexpression.
As DOX-induced cell death involves mitochondriadependent apoptosis (Gamen et al., 2000; Serafino et al., 2000; Childs et al., 2002; Huigsloot et al., 2002) , we have investigated the mitochondrial consequences of resistance to DOX in K562 cells overexpressing P-gp. We found that PTP opening was inhibited and that the level of cytochrome c was divided by three in the resistant clone. As P-gp inhibition did not restore DOX toxicity in the resistant clone, whereas DOX-induced cell death in the parent cells was prevented by either PTP inhibition or siRNA-induced decrease in cytochrome c content, we propose that the inhibition of PTP opening and the decrease in cytochrome c content may be part of an hitherto unknown strategy that makes K562 cells resistant to DOX.
Results
Mitochondrial modification in K562 cells resistant to DOX K562 cells overexpressing the P-gp gene (K562 R subline) (Gauchez et al., 2001) were obtained by continuous exposure to increasing concentrations of DOX. As shown in Figure 1 , mitochondrial morphology dramatically differed in the K562 R cells from that observed in the parent cells. Mitochondria were easily recognized and darker than the cytosol in the K562 R cells, whereas they were poorly defined and less dense in the K562 cells. Since P-gp was not expected to affect mitochondrial architecture, this finding was the first indication that P-gp overexpression was not the only modification induced by continuous exposure to DOX.
To explore the functional differences between mitochondria in the parent and the DOX-resistant cell lines, we compared the rate of oxygen consumption of permeabilized cells energized with respiratory substrates for Complex I, II or IV. As expected, the respiratory rate changed according to the substrates. However, regardless of the substrates used, the respiratory rate required to maintain the protonmotive force when ATP synthesis was inhibited by oligomycin remained the same in the parent and the DOX-resistant cell lines (Figure 2a and b) . On the other hand, the maximum respiratory rate reached after the addition of an uncoupler was higher in the K562 R cells when mitochondria were energized with Complex I substrates (Figure 2a ), whereas it was the same when mitochondria were energized with Complex II (Figure 2b ) or Complex IV (Figure 2c) substrates. These findings indicate that the total amount of respiratory chain units downstream from Complex II as well as the overall mitochondrial membrane permeability to protons were the same in K562 and K562 R cells. Moreover, these results suggest that the amount of Complex I or the availability of NADH might be increased in K562 R cells. In agreement with this conclusion, the respiration rate of intact cells was the same in both cell types when ATP synthesis was inhibited by oligomycin (Figure 2d ), whereas the uncoupled and the control (i.e., spontaneous) respiration rate were higher in the K562 R cells (Figure 2d ). These results thus suggest that ATP production and ATP consumption were increased in the resistant clone.
Since PTP opening has been implicated in cell death, we next studied PTP regulation in K562 and K562 R cells. Usually closed in order to allow ATP synthesis, PTP opening leads to the collapse of the protonmotive force, ATP hydrolysis, disruption of ionic homeostasis and cytochrome c release. Ca 2 þ is the single most important inducer of PTP opening, whereas cyclosporine A (CsA) is the most frequently used inhibitor. In a recent work, we reported that rotenone is more potent that CsA at inhibiting PTP opening in U937 and KB cells (Chauvin et al., 2001) .
In the experiment depicted in Figure 3A , the Ca 2 þ uptake and release of permeabilized K562 cells were measured by loading cells with a train of Ca 2 þ pulses at 2-min intervals. In the absence of PTP inhibitor (trace a), permeabilized cells took up and retained Ca 2 þ until the Ca 2 þ load reached a threshold value that triggered a fast Ca 2 þ release due to PTP opening (Chauvin et al., 2001 ). In the presence of PTP inhibitors (traces b and c), the same Ca 2 þ load failed to induce Ca 2 þ release. Instead, cells continued to take up Ca 2 þ but at a rate that progressively decreased with the Ca 2 þ load until Ca 2 þ uptake was totally inhibited. It should be noted that in these conditions the fast Ca 2 þ release did not occur. Figure 1 Electron microscopy of K562 cells and doxorubicin (DOX)-resistant clone K562 R . K562 and K562 R were cultured in the absence and in the presence of 100 ng/ml DOX, respectively, in RPMI-1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 50 units/ml penicillin and 50 mg/ml streptomycin, and rinsed in PBS then centrifuged and fixed for subsequent electron microscopy.
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As shown in Figure 3B , when the same experiments were performed with K562 R cells, the Ca 2 þ -inducedCa 2 þ release never occurred regardless of the absence (trace d) or the presence (traces e and f) of PTP inhibitors. It should be noted that CsA did not affect the Ca 2 þ loading capacity of K562 R cells, which was the same as that observed in the K562 cells in the presence of CsA (compare Figure 3C and D) . On the other hand, rotenone increased the Ca 2 þ loading capacity in both cell lines, suggesting that the PTP was already inhibited in a CsA-like manner in the K562 R cells.
To determine whether or not the inhibition of Ca 2 þ uptake observed in K562 R cells or in the parent cells in the presence of PTP inhibitors was related to PTP opening, permeabilized cells were exposed to 80 nmol Ca 2 þ /10 6 cells and mitochondrial morphology was visualized by electron microscopy. Such a Ca 2 þ load was lower than the Ca 2 þ loading capacity observed in the presence of rotenone, but higher than that in the other conditions (see Figure 3C and D). As expected, under this condition a large proportion of the mitochondria were swollen in K562 cells (Figure 4 ), while mitochondria retained their normal shape when PTP opening had been inhibited by rotenone. Interestingly, mitochondria also remained normal in K562 cells in the presence of CsA or in K562 R cells in the absence of PTP inhibitor. This result indicated that the inhibition of Ca 2 þ uptake was not due to PTP opening. As CyD and ANT regulate PTP opening while it has been suggested that PTP may involve voltage aniondependent channel (VDAC), we measured the total amounts of CyD, ANT and VDAC as well as actin, and cytochrome oxidase (as internal controls) in K562 and K562 R cells. As shown in Figure 5 , the levels of actin, cytochrome oxidase, VDAC and ANT were the same in both cell lines, whereas CyD was decreased by half in K562 R cells.
Since Bcl-2 family proteins influence the cellular response to several types of injuries, we measured the total amounts of Bcl-2, Bax and Bcl-x L in K562 and K562 R cells. As shown in Figure 5 , the levels of Bax and Bcl-x L were the same while Bcl-2 was absent (data not shown) in both cell lines. Likewise, we measured the total amounts of several proapoptotic intermembrane space proteins. As shown in Figure 5 , the levels of AIF and Smac/Diablo were the same in both cell lines, whereas surprisingly the total amount of cytochrome c decreased more than three times in the K562 R cells as compared to K562 cells.
Consequences on cell death
Before assessing the role of the mitochondria in the commitment to cell death in K562 and K562 R cells, we determined whether P-gp activity could account for the resistance to DOX in K562 R cells. As shown in Figure 6a , the cellular concentration of Rh123 was lower in K562 R than in K562 cells, indicating that the P-gp was working in K562 R cells. However, the concentration of Rh123 increased and become slightly higher in K562 R than in K562 cells when K562 R cells cells were incubated in a medium containing 140 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 1.3 mM CaCl 2 , 10mM glucose and 10 mM Hepes. The final volume was 2 ml (pH 7.4) at 371C. Basal respiratory rates were measured in the presence of 2 mg/ ml oligomycin while uncoupled states were obtained after the addition of 75 mM DNP. Open bars, K562 cells; solid bars K562 R cells. Results are mean7s.e. of at least 10 separate determinations; *Po0.05 ; **Po0.01 Student's t-test. 'Control' denotes the oxygen consumption rate of intact cells.
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were incubated in the presence of 10 mM CsA, confirming that this concentration of CsA fully inhibits P-gp activity (Mankhetkorn and Garnier-Suillerot, 1998) . Importantly, following P-gp inhibition DOX became cytostatic in K562 R cells (not shown) but did not induced cell death (Figure 6b ), indicating that other mechanisms of resistance exist in the studied clone. The same results were obtained when P-gp activity was inhibited with 5 mg/ml verapamil (data not shown). We next assessed whether DOX directly or indirectly induced PTP opening in K562 cells. From the results depicted in Figure 7A , it appeared that DOX per se did not favor PTP opening in permeabilized cells (compare traces a and b, in the absence and presence of DOX, respectively). PTP opening was also investigated in intact cells by monitoring the distribution of calcein fluorescence after DOX addition. As shown in Figure 7B , calcein fluorescence remained compartmented inside mitochondria when CsA inhibited PTP opening. On the other hand, DOX addition led to a progressive decompartmentation of calcein fluorescence in the absence of CsA. Furthermore, confirming that DOX indirectly led to PTP opening in intact cells, DOX-induced cell death was largely prevented by PTP inhibition ( Figure 7C ).
To appreciate the role of cytochrome c in the cell death process, cytochrome c content was decreased by gene silencing in K562 cells. As shown in Figure 8 (a and b) , after one single transfection, cytochrome c content decreased from day 2 to day 5 by 30 and 50% with oligo 1 and oligo 2, respectively. As shown in Figure 8c , such a decrease in cytochrome c content partly prevented DOXinduced cell death. Transfection with negative control (oligo 3 and 4) did not affect cytochrome c content ( Figure  8a and b) , nor DOX-induced cell death (Figure 8c ).
To determine whether K562 R cells also resist to other insults, K562 and K562 R cells were exposed to t-BH in order to induce oxidative-stress-related cell death. As shown in Figure 9 , t-BH failed to induce cell death in K562 R cells in contrast to what occurred in parent cells. Effect of CsA and rotenone on the Ca 2 þ loading capacity of digitonin-permeabilized K562 and K562 R cells. The incubation medium contained 250 mM sucrose, 50 mM EGTA, 1 mM Pi, 10 mM Tris-MOPS, 5 mM succinate, 0.25 mM Calcium Green-5N and 100 mg/ml digitonin. The final volume was 2 ml (pH 7.4) at 251C. Experiments were started by the addition of 5.10 6 K562 cells (A) or 5.10 6 K562 R cells (B) followed by the addition of vehicle (traces a and d), 1 mM CsA (traces b and e) or 1.25 mM rotenone (traces c and f). Where indicated, 25 mM Ca 2 þ pulses were added (arrows). (C) (K562 cells) and (D) (K562 R cells) represent cumulative data of four different experiments, results are mean7s.e.; ***Po0.001, paired Student's t test.
Since t-BH is not expected to be pumped out of the cells by P-gp (Seelig, 1998) , this result further indicated that K562 R cells were resistant to several types of injuries independently of P-gp activity. Importantly, either PTP inhibition (using CsA or rotenone) or the decrease in cytochrome c content (using gene silencing) prevented t-BH-induced cell death, indicating that both separately affect the cell death process.
To determine whether withdrawing DOX from the culture medium affects the phenotype of the studied clone, K562 R cells were incubated during 3 weeks (six passages) in the absence of DOX. Neither the resistance to DOX nor the levels of CyD and cytochrome c changed during this time course (data not shown).
Discussion
In this work, we have shown that the resistant clone, obtained by continuous exposure of K562 cells to DOX, has acquired a new phenotype characterized by P-gp overexpression and dramatic mitochondrial changes including PTP inhibition and a decrease in cytochrome c content. In the parent cells, each of these two events separately prevented DOX-induced cell death.
Mechanisms of DOX-induced cell death
Despite its clinical utilization for more than 30 years, the mechanism(s) by which DOX leads to cell death remain(s) uncertain. DOX induces multiple cellular effects such as reactive oxygen species (ROS) formation, direct membrane toxicity and DNA dysfunction via several mechanisms including topoisomerase II inhibition (Gewirtz, 1999) . Although the antitumor efficacy of DOX is mainly attributed to its effect on DNA, it has become clear that DOX also targets mitochondria (Jung and Reszka, 2001) , which may account for its cardiac toxicity.
Regardless of the putative triggering event(s), DOXinduced cell death has been shown to involve an early loss of mitochondrial membrane potential (Gamen et al., 2000; Serafino et al., 2000; Huigsloot et al., 2002) , cytochrome c release in the cytosol (Childs et al., 2002; Huigsloot et al., 2002) and subsequent activation Mitochondria in DOX-resistant cells F De Oliveira et al of caspases (Gamen et al., 2000; Green and Leeuwenburgh, 2002) . Concomitantly to mitochondrial depolarization, it has been shown that DOX-induced mitochondrial swelling in K562 and TVM-A12 cells (Serafino et al., 2000) . Since PTP opening in vitro induces mitochondrial swelling and depolarization, it has been proposed that DOX-induced cell death might be due to PTP opening (Serafino et al., 2000) . Suggesting that DOX favors PTP opening, CsA was shown to prevent Ca 2 þ -induced cell death in cardiomyocytes isolated from rats chronically treated with DOX (Solem et al., 1996) . In agreement with these results, the fact that DOX-induced calcein decompartmentation was prevented by CsA ( Figure 7B ), while two PTP inhibitors (namely, CsA and rotenone) prevented DOX-induced cell death (see Figure 7C) demonstrates that DOX treatment led to PTP opening in K562 cells. Since DOX per se did not induce PTP opening ( Figure 7A ), DOX most probably activates a cell-signaling pathway that in turn induces PTP opening in vivo.
It is well known that PTP opening can be triggered by oxidative stress. t-BH is a classical tool used to induce oxidative stress and subsequent PTP opening. The fact that t-BH-induced cell death was prevented by PTP inhibition (Figure 9 ) indicates that oxidative stress can kill K562 cells via PTP opening. As DOX-induced cell death was prevented by PTP inhibition (Figure 7) while DOX is known to induce ROS formation, it is tempting to speculate that PTP opening in K562 cells was triggered by DOX-induced oxidative stress.
It could be argued that Bcl-2 overexpression has been shown to prevent DOX-induced cell death (Decaudin et Percentage of cell death 72 h after exposure to DOX. K562 R cells incubated in RPMI medium supplemented with vehicle or 10 mM CsA were exposed to 1.7 mM DOX for 30 min at 371C and then washed with PBS and incubated at 371C for 72 h in a complete RPMI medium. Cell death was assessed using the trypan blue assay. More than 1000 cells were counted and analysed during each assay. Results are mean of three different experiments7s.e. 'Control' denotes cells not exposed to DOX but incubated in the same conditions. Similar results were obtained using propidium iodide and annexin-V staining. (B) DOX triggers PTP opening in intact cells. K562 cells were loaded for 15 min with 1 mM calcein and 1 mM cobalt and exposed to 1.7 mM DOX in the absence or presence of 1 mM CsA. Images were collected every minute with an inverted confocal microscope. (C) Percentage of cell death 24, 48 or 72 h after exposure to DOX. K562 cells incubated in an RPMI medium supplemented with 1 mM CsA or 1 mM rotenone were exposed to 1.7 mM DOX for 30 min at 371C and then washed with PBS and incubated at 371C for 24, 48 or 72 h in a complete RPMI medium. 'Control' denotes cells not exposed to DOX but incubated in the same conditions. Cell death was assessed using the trypan blue assay. More than 1000 cells were counted and analysed during each assay. Results are mean of at least 10 different experiments7s.e. ***Po0.001, paired Student's t test. Similar results were obtained using annexin-V staining.
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which could question the role of the PTP in DOXinduced cell death. It must be kept in mind, however, that although Bcl-2 counteracts Bax-dependent channel formation in outer mitochondrial membrane, it also inhibits PTP opening (Murphy et al., 1996; Kowaltowski et al., 2000) . Since PTP opening, but not channel formation in the outer membrane, induces mitochondrial depolarization, the fact that Bcl-2 overexpression inhibited both DOX-induced cell death and mitochondrial depolarization (Decaudin et al., 1997; Gamen et al., 2000) suggests that in this particular case Bcl-2 prevented cell death because of PTP inhibition.
Mechanisms of resistance to DOX Although K562 R cells actively evict DOX through P-gp, other mechanisms of defense exist since P-gp inhibition did not restore DOX toxicity (Figure 6 ). Several mitochondrial modifications due to chronic exposure to DOX have been previously reported (Denis-Gay et al., 1998; Campone et al., 2001; Childs et al., 2002; Grandjean et al., 2002) . The clone studied in this work was characterized by a change of mitochondrial morphology, an increase in Complex I activity, an inhibition of PTP opening and a decrease in cytochrome c and CyD contents.
Obviously, since DOX-and t-BH-induced cell death involved PTP opening in K562 cells (Figures 7 and 9) , the spontaneous inhibition of PTP in K562 R cells protected this clone from DOX and t-BH. The fact that CsA was unable to regulate PTP opening in the K562 R cells, while the intrinsic Ca 2 þ loading capacity of K562 R cells was the same as that observed in the K562 cells in the presence of CsA, strongly suggested that PTP was already inhibited in a CsA-like manner in K562 R cells. Most biological effects of CsA are mediated by its binding to a family of intracellular proteins, the cyclophilins (Galat and Metcalfe, 1995) . CyD is apparently the unique mitochondrial binding protein for CsA (Woodfield et al., 1998) . It is thought that CyD directly binds the PTP and favors its opening while CsA indirectly causes PTP closure through unbinding of CyD from the PTP (Connern and Halestrap, 1996; Nicolli et al., 1996) . In this scenario, the inability of CsA to inhibit PTP opening in K562 R cells could easily be explained by a nonbinding of CyD to the PTP. CyD is present in the resistant clone but decreased by half ( Figure 5 ). Since CyD binds to several different proteins , were transfected with 16 mM siRNA constructs and incubated at 371C in a complete RPMI medium. Quantification of cytochrome c by immunoblot (a) and cumulative data (b) were performed on four different proteins extractions. Results are mean7s.e. (c), 72 h after electroporation (in the presence or absence of the indicated siRNA construct), K562 cells were exposed to 1.7 mM DOX for 30 min at 371C and then washed with PBS and incubated at 371C for 48 h in a complete RPMI medium. Cells were stained with trypan blue as described in Material and methods. 'Control' denotes cells not exposed to DOX but incubated in the same conditions. More than 1000 cells were counted and analysed during each assay. Results are mean of four different experiments7s.e. **Po0.01, paired Student's t test. 
t -B H * * * * * * * * * * * * Figure 9 Effect of tert-butylhydroperoxide on K562 and K562 R cell death. K562 R cells (solid bars), K562 cells incubated in the presence or absence of 1 mM CsA or 1 mM rotenone (open bars) and K562 cells 72 h after electroporation in the presence or absence of the indicated siRNA construct, (grey bars) were exposed to 25 mM t-BH for 30 min at 371C and then washed with PBS and incubated at 371C for 24 h in a complete RPMI medium. Cells were stained with trypan blue as described in Material and methods. 'Controls' denote cells not exposed to t-BH but incubated in the same conditions. More than 1000 cells were counted and analysed during each assay. Results are mean of four different experiments7s.e. **Po0.01, paired Student's t test.
Mitochondria in DOX-resistant cells F De Oliveira et al (Crompton et al., 1998) presumably with different affinities, it is likely that the decrease in CyD content led to its nonbinding on the PTP. Supporting the proposal that CyD content may directly affect PTP opening, it has been recently shown that overexpression of CyD promotes PTP opening in neuronal B50 cells (Li et al., 2004) , whereas the lack of CyD inhibits PTP opening and prevent cell death induced by oxidative stress or ischemia reperfusion (Baines et al., 2005; Basso et al., 2005; Nakagawa et al., 2005; Schinzel et al., 2005) . It has been shown that CyD binding decreases with mitochondrial volume (Connern and Halestrap, 1996) , which is consistent with the fact that CsA becomes ineffective when mitochondria are shrunk (Nogueira et al., 2005) . Mitochondria were darker in the resistant clone with a recognizable cristae, suggesting that matrix volume may be lower in K562 R cells. In complement with the decrease in CyD content, it is plausible that the change in mitochondrial shape might account for the lack of effect of CsA in the resistant clone. Alternatively, the inability of CsA to inhibit PTP opening could result from a mutation of CyD, or from a mutation of another component of the PTP.
The reason why PTP inhibition led to a progressive inhibition of Ca 2 þ uptake in K562 cells that occurred for a higher Ca 2 þ load in the presence of rotenone than in the presence of CsA (Figure 3) remains obscure. In a previous work, we have shown that rotenone is more potent than CsA at inhibiting PTP opening in U937 and KB cells (Chauvin et al., 2001) . In such cells, we were able to quantify precisely the amount of Ca 2 þ required for PTP opening because we always observed the fast Ca 2 þ release accompanying PTP opening. We first hypothesized that the progressive inhibition of Ca 2 þ uptake observed in K562 cells may be related to PTP opening in a subpopulation of mitochondria, the released Ca 2 þ being taken up by the mitochondria with a closed PTP. From Figure 4 , however, it appears that mitochondria remained normal well after that Ca 2 þ uptake was fully inhibited. Therefore, whatever its mechanism, the progressive inhibition of Ca 2 þ uptake potently protects K562 cells from Ca 2 þ -induced PTP opening.
The finding that cytochrome c content was divided by more than three in K562 R cells (Figure 5 ), is the second main mitochondrial characteristic of the resistant clone. Since once released, cytochrome c binds to Apaf-1 and dATP to activate caspase 9, the question arises as to whether the observed decrease in cytochrome c could affect this pathway. Using an immunodepletion/reconstitution procedure, Liu et al. (1996) demonstrated that cytochrome c is the limiting factor for caspases activation in HeLa cells. Using gene silencing, we were able to decrease cytochrome c content in K562 cells and we confirmed that it affected DOX-and t-BH-induced cell death.
Beside P-gp overexpression, PTP inhibition and the decrease in cytochrome c content, other changes affecting the pathways to cell death may have occurred. We note that VDAC, ANT as well as Bax/Bcl-x L ratio did not change in the resistant clone ( Figure 5 ), but we did not study the pathways downstream the outer mitochondrial membrane checkpoint.
Conclusion
Resistance to apoptosis because of Bcl-2 or Bcl-x L overexpression has been previously reported (Cory and Adams, 2002; Green and Kroemer, 2004; Oltersdorf et al., 2005) , emphasizing the role of mitochondria in the commitment to cell death. Resistance to cell death has been also reported in cytochrome c-knockout cells (Liu et al., 1996) and in CyD-knockout animals (Baines et al., 2005; Nakagawa et al., 2005; Schinzel et al., 2005) . To our knowledge, this is the first report showing that PTP opening can be spontaneously inhibited and that CyD and cytochrome c contents can dramatically decrease in cells. In DOX-sensitive K562 cells, either PTP inhibition or decrease in cytochrome c content prevented DOXinduced cell death. Therefore, both events represent a fully fledged mechanism of defense. Together, these data demonstrate that the resistance to cell death in K562 R cells involves P-gp overexpression, PTP inhibition and decrease in cytochrome c content. Obviously, when such complex strategies are implemented, a therapeutic approach based only on the inhibition or the bypass of P-gp is destined to fail.
Materials and methods

Cell lines
Human chronic myelogenous leukemia cells resistant to DOX (K562 R subline) were kindly provided by Dr Gauchez (Grenoble, France). K562 R cells were obtained by continuous exposure of K562 cells to increasing DOX concentrations and were maintained in a medium containing 100 ng/ml DOX. This subline overexpresses the P-gp gene while it does not overexpress either the multidrug resistance-associated protein gene or the lung resistance protein gene (Gauchez et al., 2001) . K562 and K562 R cells were cultured in the absence and in the presence of 100 ng/ml DOX, respectively, in RPMI-1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 50 units/ml penicillin and 50 mg/ml streptomycin.
Electron microscopy
Cells were centrifuged and fixed with 2.5% glutaraldehyde in 100 mM cacodylate buffer (pH 7.2) for 1 h at room temperature and then washed and postfixed with 1% osmic tetroxide for 1 h at 41C, dehydrated, and embedded in epon. Thin sections stained with uranyl acetate and lead citrate were observed with a JEOL1200EX11 electron microscope.
Oxigraphy
Oxygen consumption rate was measured polarographically at 371C using a Clark-type oxygen electrode. For permeabilized cells respiration rate, cells were incubated in a medium containing 125 mM KCl, 1 mM ethylene glycol-bis(b-aminoethyl ether) N,N,N 0 ,N 0 -tetraacetic acid (EGTA), 5 mM Pi, 20 mM Tris-HCl (pH 7.4) and 100 mg/ml digitonin. The medium was supplemented with 5 mM glutamate plus 2.5 mM malate, 5 mM succinate plus 1.25 mM rotenone or 1 mM TMPD plus 5 mM ascorbate. For intact cells respiration rate, cells were incubated in a medium containing 140 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 1.3 mM CaCl 2 , 10mM glucose and 10 mM Hepes, (pH 7.4).
Determination of PTP opening in permeabilized cells
For the measurement of Ca 2 þ retention capacity, cells were permeabilized immediately before use by incubation under stirring for 2 min at 251C in a medium containing 250 mM sucrose, 50 mM EDTA, 100 mg/ml digitonin, 1 mM P i -Tris and 10 mM Tris-4-morpholinepropanesulfonic acid (MOPS) (pH 7.4). Mitochondria were energized with 5 mM succinate, and then 25 mM Ca 2 þ pulses were added at 2-min intervals. Measurements of Ca 2 þ were carried out fluorimetrically with a PTI-Quantamaster C61 spectrofluorometer. Extramitochondrial Ca 2 þ was measured in the presence of 0.25 mM Calcium Green-5N with excitation and emission wavelengths set at 506 and 527 nm.
Determination of permeability transition in intact cells
For calcein/cobalt staining cells were grown for 2 days on 22 mm-diameter glass coverslips and exposed for 20 min at 371C to PBS medium supplemented with 5 mM glucose, 0.35 mM pyruvate, 1 mM CoCl 2 and 1 mM calcein acetomethoxyl ester as described in Petronilli et al., (1999) . After loading, cells were washed free of calcein and cobalt and incubated for another 30 min in warm PBS/glucose/pyruvate medium in the presence or absence of 1 mM CsA. Coverslips were mounted on the stage of an inverted confocal microscope (LEICA TCS SP2 AOBS), and PTP opening was triggered by adding 1.7 mM DOX. Images were collected every minute. As of DOX autofluorescence, microscope gain and contrast were adjusted after DOX addition, and fluorescence evolution was referred to the image obtained 1 min after DOX addition.
P-gp activity
Cells were incubated in the presence of 130 nM rhodamine 123 with or without 10 mM CsA during 1 h at 371C. Mean fluorescence intensity per cell was measured using a BD Biosciences FACSCalibur flow cytometer equipped with an air-cooled argon ion laser emitting 15 mW at 488 nm. Rhodamine 123 fluorescence was measured with a 530730 nm band-pass filter. In total, 20 000 events were acquired with CellQuest software.
Western blot analysis
Cells were lysed in a RIPA buffer supplemented with protease inhibitors (10 mg/ml PMSF, 2 mg/ml leupeptin, 2 mg/ml aprotinin and 2 mg/ml pepstatin) for 30 min at 41C. Solubilized proteins, 40 mg, were resolved by SDS-PAGE in 10% polyacrylamide gels in a MES buffer, and transferred to PVDF membranes. Blots were probed with 1 mg/ml monoclonal anti-cytochrome c (clone 7H8.2C12), 0.5 mg/ml monoclonal anti-Smac/Diablo (clone 7), 1 mg/ml monoclonal antiBax (clone 6A7), 1 mg/ml monoclonal anti-actin (clone AC-40), 0.5 mg/ml monoclonal anti-COX IV (clone 20E8), 2 mg/ml polyclonal anti-VDAC (ab3434), 2.5 mg/ml polyclonal anti-ANT, polyclonal anti-Bcl-x L at 1/2000e, polyclonal anti-AIF at 1/1000e and polyclonal anti-CyD at 1/1000e. Detection was performed by chemiluminescence using the corresponding secondary horseradish peroxidase-labeled antibodies. Quantification was carried out using NIH Image software.
SiRNA
For cytochrome c gene silencing, two primers corresponding to position 40 (oligo 1; GUGUUCCCAGUGCCACACCtt) and 67 (oligo 2; GGGAGGCAAGCACAAGACUtt) in the cytochrome c gene sequence were annealed by standard protocols. Two primers with inverted (oligo 3; CCACACCGUGACC CUUGUGtt) or mutated (oligo 4; GGGCGACAAGCACAC GACUtt) sequences were used as negative controls. Transfection into K562 cells was performed with an Equibio EasyjecT Plus electroporator according to manufacturer procedure.
Cell death assay
For induction of cell death, 10 6 cells were exposed either to 1.7 mM DOX or 25 mM t-BH for 30 min then washed with PBS and incubated in Petri dishes at 371C for 24, 48 or 72 h in a complete RPMI medium. Cytotoxicity was evaluated by using a trypan blue (0.05%) exclusion assay. Alternatively, cytotoxicity was evaluated by staining cells with 20 mg/ml propidium iodide and 10% Annexin-V (Ref. A-13199) . Cellular images were acquired with a Nikon TE200 microscope, which was equipped for epifluorescent illumination and included a xenon light source (75W) and a 12-bit digitalcooled CCD camera (SPOT-RT; Diagnostic Instruments). For detection of propidium iodide (excitation/emission 550710 nm/580 nm longpass) and Annexin-V (excitation/ emission 488710 nm/520710 nm) five randomly selected fields were acquired from each Petri dish using an ELWD 20X/0.45 Plan Fluor objective (Nikon). The corresponding bright field images were also acquired, and the three channels were overlaid using the appropriate function of the SPOT-TM 3.0.6 software.
Reagents K562 cells were purchased from ATCC. Cytochrome c gene silencing primers were synthesized by Eurogentec. Calcium Green-5N, Annexin-V and anti-COX IV antibody were from molecular probes, whereas anti-cytochrome c, anti-Bax anti-AIF and anti-Smac/Diablo antibodies were from Pharmingen. Anti-VDAC was from Abcam, anti-ANT from Calbiochem, anti-CyD antibody (PA1-028) from Affinity BioReagents, anti-Bcl-x L antibody from BD Biosciences, while anti-actin antibody and all other chemicals were from Sigma.
Abbreviations DOX, doxorubicin; P-gp, P-glycoprotein; ROS, reactive oxygen species; PTP, permeability transition pore; EGTA, ethylene glycol-bis(b-aminoethyl ether) N,N,N 0 ,N 0 -tetraacetic acid; MOPS, 4-morpholinepropanesulfonic acid; CsA, cyclosporine A; CyD, cyclophilin D; VDAC, voltage aniondependent channel; ANT, adenine nucleotide translocator.
